In vitro, membrane-type matrix metalloproteinases (MT-MMP) are known to activate the zymogen of MMP-2 (proMMP-2, progelatinase A), which is one of the key MMP in joint destruction in rheumatoid arthritis. In the present study, we examined the production and activation of proMMP-2, and the expression of MT1-MMP, MT2-MMP, and MT3-MMP, their correlation with proMMP-2 activation, and their localization in rheumatoid synovial tissue. Using sandwich enzyme immunoassay and gelatin zymography techniques, proMMP-2 production levels and activation ratios were found to be significantly higher in rheumatoid synovium compared with normal synovium (p Ͻ 0.01). Quantitative RT-PCR analyses demonstrated that MT1-MMP and MT3-MMP were expressed in all rheumatoid synovial tissue (30 of 30 cases), but that the mean expression level of MT1-MMP was approximately 11-fold higher than MT3-MMP. Significant correlation was found between the mRNA expression level of MT1-MMP and the activation ratio of proMMP-2 (p Ͻ 0.01). In situ hybridization indicated that the hyperplastic lining cells of rheumatoid synovium expressed MT1-MMP. Immunohistochemistry demonstrated that MT1-MMP was co-localized with MMP-2 and with a tissue inhibitor of metalloproteinase-2, and was mainly located in the rheumatoid synovial lining cells. In situ zymography of rheumatoid synovium showed gelatinolytic activity, predominantly in the lining cell layer. This activity was blocked when incubated with BB94, a specific MMP inhibitor. These results demonstrate that MT1-MMP plays an important role in the activation of proMMP-2 in the rheumatoid synovial lining cell layer, and suggest that its activity may be involved in the cartilage destruction of rheumatoid arthritis. (Lab Invest 2000, 80:677-687).
I
n rheumatoid arthritis (RA), the affected joints show chronic proliferative synovitis that is implicated in the destruction of articular cartilage and subchondral bones, resulting in disability of the joints. Proteolytic degradation of the extracellular matrix (ECM) of the cartilage is a key step in joint destruction of RA (Okada, 2000) . Although various proteinases are involved in the process, matrix metalloproteinases (MMP), a gene family of zinc metalloproteinases that can degrade ECM components, are believed to play a major role in the degradation of the cartilage ECM (Nagase and Woessner, 1993; Okada, 2000) . Among MMP, MMP-2 (gelatinase A) may be especially important in collagen degradation, through digestion of gelatins generated by thermal denaturation at body temperature after the specific cleavage of the triple helical region of the fibrillar collagen molecules by collagenases (Okada, 2000) . MMP-2 also digests other substrates including aggrecan, link protein, decorin, and type X and XI collagens, all components of the articular cartilage matrix (Fosang et al, 1992; Imai et al, 1997a; 1997b; Nguyen et al, 1993; Okada, 2000; Okada et al, 1990) . However, overexpression is not sufficient for the in vivo action of MMP-2, because, like other MMP, MMP-2 is secreted as an inactive zymogen (proMMP-2). Thus, activation is a prerequisite to its functioning in vivo. Various factors such as organomercurials, serine proteinases, hypochlorous acid, and acid exposure are known to activate proMMP in vitro, and serine proteinases including plasmin, plasma kallikrein, and neutrophil elastase may be important in vivo activators for proMMP (Nagase, 1997 ). However, proMMP-2 is unique in that it is not activated by serine proteinases (Okada et al, 1990) , but activated by membrane-type (MT) MMP, a family with five different known members, MT1-MMP (Sato et al, 1994) , MT2-MMP (Will and Hinzmann, 1995) , MT3-MMP (Takino et al, 1995) , MT4-MMP (Puente et al, 1996) , and MT5-MMP (Pei, 1999) . MT5-MMP is a recently discovered MT-MMP, and its expression seems to be limited to brain tissues (Pei, 1999 ) and brain tumors (Llano et al, 1999) . MT4-MMP differs from other members of the MT-MMP subgroup because it is a glycosylphosphatidylinositol-anchored enzyme without a transmembrane domain (Itoh et al, 1999) . The proMMP-2 activator function of MT4-MMP is questionable because the purified recombinant catalytic domain did not activate proMMP-2 in one study (Kolkenbrock et al, 1999) , but did activate proMMP-2 in another study (Wang et al, 1999) . When COS1 cells were co-transfected with expression plasmids for MT4-MMP and MMP-2, no activation of proMMP-2 was observed (Y Itoh and M Seiki, unpublished observations) . However, involvement of MT1-MMP and/or MT2-MMP in proMMP-2 activation has been reported in many human carcinoma tissues (Nakada et al, 1999; Nakamura et al, 1999; Nomura et al, 1995; Tsunezuka et al, 1996; Ueno et al, 1997) . Recent studies also show expression of MT1-MMP in cartilage of osteoarthritis (OA) (Buttner et al, 1997; Imai et al, 1997a; 1997b) , in synovial tissues of RA, and in traumatic joints (Konttinen et al, 1998) . However, nothing is known about proMMP-2 production levels, the activation of proMMP-2 in RA synovial tissue, or MT-MMP species involved in proMMP-2 activation. In addition, tissue localization of activated MMP-2 has not been studied in RA synovial tissues.
In this study, we examined the production and activation of proMMP-2; the expression of MT1-MMP, MT2-MMP, and MT3-MMP; the correlation between MT-MMP expression and proMMP-2 activation; the tissue localization of MMP; and the gelatinolytic activity of proMMP-2 in RA synovial tissue. Our results suggest that overproduced proMMP-2 is activated by MT1-MMP and that the activity is localized to the lining cell layer of RA synovium.
Results

Production of ProMMP-2 in Synovial Tissues
To measure the amounts of proMMP-2 produced by RA, OA, and normal synovial tissues, the sandwich enzyme immunoassay (EIA) system was used with culture media and homogenate supernatants of the synovium. As shown in Figure 1A , the production level of proMMP-2 in the culture media of RA synovium (0.228 Ϯ 0.262 nmol/g dry weight, mean Ϯ SD, n ϭ 40) was remarkably higher than the level in OA (0.135 Ϯ 0.104 nmol/g dry weight, n ϭ 29), or normal synovium (0.029 Ϯ 0.019 nmol/g dry weight, n ϭ 11) ( p Ͻ 0.05 and p Ͻ 0.01, respectively). Similarly, the proMMP-2 production level in homogenates of RA synovium (0.432 Ϯ 0.192 nmol/g of protein, n ϭ 40) was significantly higher than the level in normal synovial samples (0.085 Ϯ 0.065 nmol/g of protein, n ϭ 11, p Ͻ 0.01), although the levels were not significantly different between RA and OA (0.405 Ϯ 0.216 nmol/g of protein, n ϭ 29) (Fig. 1B) .
Activation of ProMMP-2
ProMMP-2 activation in the culture media and homogenate supernatants was analyzed by gelatin zymography. The 68-kd proMMP-2 form was detected in all examined culture media, with higher levels in RA than in OA or normal samples ( Fig. 2A) , confirming the EIA data. The active species of 62 kd was detected in most samples, but the proteolytic band was broader in RA than in OA or normal synovial samples ( Fig. 2A) . Similar results were obtained with the homogenate supernatants (data not shown). Computer-assisted image analyses of the proteolytic bands showed that the activation ratio (the ratio of the 62-kd active form to the proMMP-2 form plus the active form) in the culture media is significantly higher in RA (0.40 Ϯ 0.18, n ϭ 40) than in OA (0.20 Ϯ 0.11, n ϭ 29) and normal
Figure 1.
Amounts of the zymogen of matrix metalloproteinase (MMP)-2 (proMMP-2) in the conditioned media (A) and the tissue homogenates (B) of rheumatoid arthritis (RA), osteoarthritis (OA), and normal (NOR) synovium. Conditioned media and homogenates were prepared from synovial tissues, and proMMP-2 was measured by the sandwich enzyme immunoassay (EIA) system. Values (nmol/g dry weight for culture media and nmol/g protein for homogenates) were calculated as described in "Materials and Methods." Bars indicate the mean value. *, p Ͻ 0.05; **, p Ͻ 0.01.
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synovial samples (0.13 Ϯ 0.04, n ϭ 11) ( p Ͻ 0.01 and p Ͻ 0.01, respectively) (Fig. 2B) . The activation ratio was also significantly higher in RA tissue homogenates (0.24 Ϯ 0.09, n ϭ 40) than in normal samples (0.11 Ϯ 0.04, n ϭ 11) ( p Ͻ 0.01), but the ratio was not different between RA and OA (0.17 Ϯ 0.09, n ϭ 29) samples (Fig. 2C ).
MT1-MMP, MT2-MMP, and MT3-MMP mRNA Expression
When RT-PCR for MT-MMP was carried out with total RNA from synovial tissues, MT1-MMP mRNA was detected in 100% of the RA and OA synovial samples (30 of 30 and 14 of 14 cases, respectively), but was detectable in only 25% of the normal synovium (2 of 8 cases) (Fig. 3) . MT3-MMP was also expressed in 100% of the RA synovium (30 of 30 cases) and in 86% of the OA synovium (12 of 14 cases), whereas it was undetectable in the normal synovium (0 of 8 cases) (Fig. 3) . MT2-MMP mRNA was not found in any of the synovial tissues examined (Fig. 3) .
To evaluate the expression levels of MT1-MMP and MT3-MMP, quantitative analyses of the mRNA expression of MT-MMP and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were performed, and the levels (ratio of MT-MMP to GAPDH) were calculated according to the methods reported in our recent study (Nakada et al, 1999) . The level of MT1-MMP was significantly higher in the RA synovial samples (4.35 Ϯ 5.32, n ϭ 30) than in the normal synovium (0.55 Ϯ 0.89, n ϭ 8; p Ͻ 0.01) (Fig.  4A ). Although the level in the OA synovial samples (3.01 Ϯ 2.57, n ϭ 14) was higher than in the normal synovium, it was not significantly different from level in the RA synovial samples. Similar expression patterns of MT3-MMP were obtained: the expression level in RA synovial samples (0.39 Ϯ 0.44, n ϭ 30) was significantly higher than that in the normal samples (0.02 Ϯ 0.04, n ϭ 8), but the level was not different from that in OA samples (0.26 Ϯ 0.41, n ϭ 14) (Fig. 4B ). When the mean expression levels of these MT-MMP were compared, the MT3-MMP level was approximately 11-fold lower than MT1-MMP. The expression levels of MT1-MMP correlated with scores of synovial lining cell hyperplasia in the RA synovium (r ϭ 0.705, n ϭ 30), but did not correlate with the total scores, or with the scores of inflammatory cell infiltration and fibrosis (not shown).
Correlation Between ProMMP-2 Activation and Expression of MT1-MMP and MT3-MMP
When the mRNA expression level of MT1-MMP was plotted against the activation ratio of proMMP-2 in each RA sample, there were direct correlations in both the culture media (r ϭ 0.753, p Ͻ 0.01) and the homogenates (r ϭ 0.769, p Ͻ 0.01) ( Analysis of the activation of proMMP-2 by gelatin zymography. A, Gelatin zymography. The conditioned media from RA (lanes 1 to 4), OA (lanes 5 to 8), and normal (NOR) synovium (lanes 9 to 11) were subjected to gelatin zymography as described in "Materials and Methods". Major gelatinolytic bands of 68 kd and 62 kd, which correspond to proMMP-2 and active MMP-2, respectively, are indicated. B and C, Activation ratios of proMMP-2 in the conditioned media (B) and tissue homogenates (C). The activation ratios (%) were measured by a computer-assisted densitometric analysis of the gels as described in "Materials and Methods." Bars indicate the mean value. **, p Ͻ 0.01.
Figure 3.
Determination of mRNA expression of membrane-type (MT)1-MMP, MT2-MMP, MT3-MMP, and GAPDH in RA, OA, and NOR synovium by RT-PCR. Total RNA was extracted from RA, OA, and NOR synovium, and reverse-transcribed into cDNA followed by PCR reaction at 30 cycles. Representative samples of RA (five cases, lanes 1 to 5), OA (five cases, lanes 6 to 10) and NOR (three cases, lanes 11 to 13) synovium are shown. Molecular sizes of the PCR products are indicated.
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In Situ Hybridization
Cells expressing MT1-MMP mRNA in RA synovial tissue were identified by in situ hybridization. Strong signals for MT1-MMP were predominantly observed in synovial lining cells with an anti-sense RNA probe (nine of nine cases), whereas the sense probe showed only a background signal in the tissue (Fig. 6, A and B) . Although MT3-MMP-expressing cells in the RA synovium were also examined with an anti-sense probe, no definite signals were found, probably because of the low mRNA expression level (not shown).
Immunohistochemistry and Immunoblotting
MT1-MMP was predominantly immunolocalized to hyperplastic synovial lining cells in 83% of the RA synovial samples (25 of 30 cases) (Fig. 6C) . Endothelial cells of blood vessels in RA synovial tissue were occasionally immunoreactive for MT1-MMP (not shown). MMP-2 and tissue inhibitor of metalloproteinases-2 (TIMP-2) expressions were also localized to RA synovial lining cells and fibroblasts in the sublining cell layer (Fig. 6, D and E) , although MMP-2 immunoreactivity was mainly seen on the cell membranes of the lining cells. No immunoreactivity was observed with non-immune mouse IgG (Fig. 6F) .
By immunoblotting, both the latent and active forms of MT1-MMP (66 kd and 60 kd, respectively) were identified in tissue homogenates of RA synovial samples, but neither form was present in normal synovial samples (Fig. 7) .
Detection of Gelatinolytic Activity by In Situ Zymography
In situ zymography using gelatin films demonstrated gelatinolytic activity in the lining cell layer of RA synovial tissue after a short incubation (4 hours) (Fig.  8, A and B) . However, most areas of the RA synovium showed activity after a longer incubation period (12 hours) (Fig. 8C ), but no activity was recognized in The mRNA expression levels of MT1-MMP and MT3-MMP in RA, OA, and NOR synovium. The relative mRNA expression levels (MT-MMP/GAPDH ratios) were determined by the quantitative RT-PCR method as described in "Materials and Methods". Bars indicate the mean value. *, p Ͻ 0.05; **, p Ͻ 0.01.
Figure 5.
The correlation between the mRNA expression level of MT1-MMP and the proMMP-2 activation ratio in conditioned media (A) and homogenate supernatants (B) of RA synovium. Direct correlations are observed with correlation coefficients of r ϭ 0.753 (p Ͻ 0.01) for culture media, and r ϭ 0.769 (p Ͻ 0.01) for homogenate supernatants.
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normal synovial tissue (not shown). This activity was almost completely blocked in RA synovial tissue that was incubated with BB94, a synthetic MMP inhibitor (Fig. 8, D , E, and F). The distribution of activity in the lining cell layer was consistent with the immunolocalization of MT1-MMP, MMP-2, and TIMP-2.
Discussion
RA synovial fibroblasts in culture produce and secrete proMMP-2 into the media (Okada et al, 1990) , and the production of proMMP-2 in RA synovial tissue has been shown by immunohistochemistry (Hembry et al, 1995; Konttinen et al, 1998) . However, no reports have described the production levels of MMP-2 in RA, OA, and normal synovial tissues. In the present study, we have demonstrated that proMMP-2 production levels in RA synovial tissue are significantly higher (5-fold to 8-fold) than the levels in normal synovium. Because the level in the culture media of RA synovium was also significantly higher than the level in OA synovial media, RA synovium seemed to produce proMMP-2 more rapidly than OA synovial tissue. However, our immunohistochemical study showed that MMP-2 is mainly localized to the cell membranes of the synovial lining cells and within the fibroblasts in the sublining cell layer. This localization could explain the discrepancy between the secreted levels whereas the homogenate levels were comparable, and suggests that a similar amount of proMMP-2 was trapped in both RA and OA synovial tissues.
One of the most interesting findings in this study is that proMMP-2 was activated in RA synovium. The activation ratio of proMMP-2 in the culture media of RA synovium was significantly higher than that in OA or normal synovium, whereas the ratio was not different between the homogenates of the RA and OA synovial tissues. This suggests that proMMP-2 is efficiently activated in RA synovium, and that activated MMP-2 is readily secreted into the media from the tissue. Because MT1-MMP, MT2-MMP, and MT3-MMP are believed to be tissue activators of proMMP-2 (Okada, 2000 ; Sato et al, 1994; Takino et al, 1995; Will and Hinzmann, 1995) , we initially examined their gene expression in the synovium by RT-PCR. Although both MT1-MMP and MT3-MMP were frequently expressed in RA synovial tissues, quantitative RT-PCR indicated that the mean expression level of MT1-MMP is approximately 11-fold higher than that of MT3-MMP. In contrast to a weak correlation of MT3-MMP mRNA expression with proMMP-2 activation, the expression of MT1-MMP in RA synovium correlated directly with the proMMP-2 activation ratio. Because the activator activity of MT3-MMP to proMMP-2 is much weaker than that of MT1-MMP (Ohuchi et al, 1997; Shimada et al, 1999) , it is likely that MT1-MMP plays a major role in the activation of proMMP-2 in RA synovial tissue.
Recent studies have reported that the efficient pericellular activation of proMMP-2 by MT1-MMP requires the TIMP-2 molecule in the trimolecular complex formation of proMMP-2, TIMP-2, and MT1-MMP on cell membranes (Butler et al, 1998; Kinoshita et al, 1998) . Our in situ hybridization study indicated a predominant mRNA expression of MT1-MMP in the hyperplastic lining cells of RA synovium. Protein expression in RA synovial tissue was also demonstrated by immunobloting, and MT1-MMP was immunolocalized to RA synovial lining cells. This localization of MT1-MMP to the lining cells is further supported by the finding that the mRNA expression level of MT1-MMP correlated with the lining cell hyperplasia of RA synovium. In addition to the specific expression of MT1-MMP in synovial lining cells, both MMP-2 and TIMP-2 proteins were co-localized to the lining cells, suggesting a possible interaction of MT1-MMP, MMP-2, and TIMP-2 on the cell membranes of RA synovial lining cells.
Using in situ zymography, this study is the first to demonstrate gelatinolytic activity in the lining cell layer of RA synovium. This activity is ascribed to MMP because it was abolished by treatment with BB94, a hydroxamate MMP inhibitor. The distribution of MMP activity is in accordance with the localization of MT1-MMP, MMP-2, and TIMP-2. Although gelatin is a non-specific substrate susceptible to many MMP, MMP-2, and MMP-9 are usually responsible for the activity because of their high specific activity to gelatin (Okada et al, 1990; Okada et al, 1992a) . In our studies, gelatin zymography indicated that both proMMP-2 and proMMP-9 are produced in RA synovial tissue, but that the activated form of proMMP-9 is seldom found in both culture media and homogenates of RA synovium. This is in contrast to the frequent activation of proMMP-2. In addition, gelatinolytic activity was undetectable by in situ zymography in normal synovial tissue, which expressed negligible amounts of MT1-MMP but produced some amount of proMMP-2. Collectively, these data suggest that the gelatinolytic activity in the RA synovial lining cell layer is ascribed mainly to MMP-2 activity generated by the action of MT1-MMP on the lining cell membranes.
MMP-2 plays an essential role in completing collagen degradation by digesting gelatins generated after the specific cleavage of collagen by collagenases (Okada, 2000) . However, it can also digest other ECM components such as aggrecan, link protein, decorin, and fibronectin (Fosang et al, 1992; Imai et al, 1997a; 1997b; Nguyen et al, 1993; Okada et al, 1990) . However, we (Ohuchi et al, 1997) and others (Pei and Weiss, 1996) have demonstrated that besides having an activator function for proMMP-2, MT1-MMP itself is active on ECM macromolecules, including fibrillar collagens, which are synergistically degraded by coincubation with MT1-MMP and active MMP-2 (Ohuchi et al, 1997) . Thus, the proteolytic activities of MMP-2 and MT1-MMP produced in the RA synovial lining cell layer may contribute to the degradation of the cartilage ECM by direct contact of the synovium to the peripheral articular cartilage, which is initially degraded during the course of RA (Okada, 2000) . Another possible function for the expression of these MMP may be that MMP-2, activated by MT1-MMP, is secreted from the lining cell layer into the synovial fluid and attacks the cartilage ECM from the surface. A low level of MT3-MMP was also expressed in RA synovial tissue. The function of this MT-MMP is not yet clear, but our recent studies demonstrate that recombinant Immunoblotting for MT1-MMP. Tissue homogenates from RA and NOR synovium were resolved by SDS-PAGE, transferred onto nitrocellulose filters, and immunoreacted with the antibody to MT1-MMP. Note that two bands corresponding to latent and active forms of MT1-MMP are found in the RA sample, whereas no such species are detected in the NOR sample.
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MT3-MMP can digest aggrecan as well as type III collagen, gelatin, and fibronectin . The low but steady expression in RA and OA synovium suggests that MT3-MMP may also be involved in the turnover of the ECM components in the synovium.
Materials and Methods
Clinical Samples and Histology
Fresh human synovial tissues were obtained from patients with RA (57.8 Ϯ 8.5 years, mean age Ϯ SD, n ϭ 40) or OA (66.8 Ϯ 9.5 years, n ϭ 29) patients who underwent arthroplasty surgery. RA and OA were diagnosed according to the 1987 revised American Rheumatism Association criteria (Arnett et al, 1988) and the Classification of Osteoarthritis of the Knee (Altman et al, 1986) , respectively. Normal synovial tissue without macroscopic or microscopic changes were obtained from patients undergoing femoral head replacement for femoral neck fractures (73.5 Ϯ 6.9 years, n ϭ 11).
Portions of the synovial samples were fixed for 18 to 24 hours at 4°C with periodate-lysine-paraformaldehyde or 4% paraformaldehyde for immunohistochemistry and in situ hybridization, respectively. Histological diagnosis was made by standard light-microscopic evaluation of the sections stained with hematoxylin and eosin. Synovial specimens were analyzed according to our previously reported grading system (Okada et In situ zymography of RA synovial tissue. Serial frozen sections of RA synovial tissue were stained with hematoxylin and eosin (A and D), or subjected to in situ zymography for 4 hours (B and E), or for 12 hours (C and F), as described in "Materials and Methods". Synovial tissue was treated with BB94 for 3 hours before the reaction for in situ zymography (D, E, and F). Note the gelatinolytic activity, recognized by negative staining, in the lining cell layer (B) and in most areas of the synovium (C). Bar, 50 m.
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Laboratory Investigation • May 2000 • Volume 80 • Number 5 al, 1992b). 1) Synovial lining cell hyperplasia was graded from 0 to 3ϩ. One to two layers of cells was graded as 0; three to four layers, 1ϩ; five to six layers, 2ϩ; and seven or more layers, 3ϩ. Layers were counted from the surface of the membrane to the sublining cell layer. 2) Cellular infiltration (degree of infiltration by lymphocytes, and mononuclear and polymorphonuclear leukocytes) was graded from 0 to 4ϩ. No infiltration present was graded as 0; mild infiltration, 1ϩ; moderate and focal infiltration, 2ϩ; moderate and diffuse infiltration, 3ϩ; and marked and diffuse cellular infiltration, 4ϩ. 3) Fibrosis of the sublining cell layer was graded from 0 to 3ϩ, where 0 was normal; 1ϩ, mild; 2ϩ, moderate; and 3ϩ, marked fibrosis.
Preparation of Tissue Culture Media and Homogenates, and Sandwich Enzyme Immunoassay for MMP-2
Synovial samples of RA (40 cases), OA (29 cases) and control normal synovial tissues (11 cases) were cut into small blocks (approximately 3ϫ3ϫ3 mm), and cultured for 24 hours in 2 ml of serum-free ␣-minimum Eagle's medium containing 0.2% lactalbumin hydrolysate (GibcoBRL, Gaithersburg, Maryland) in a 5% CO 2 incubator. Culture media were stored at Ϫ20°C until used, and tissue blocks were weighed after lyophilization. Tissue samples were homogenized on ice in 50 mM Tris-HCl buffer, pH 7.5, containing 0.15 M NaCl, 10 mM CaCl 2, , 0.02% NaN 3 , and 0.05% Brij 35. The homogenates were centrifuged at 4°C for 20 minutes at 10,000 ϫg, and protein concentration in the supernatants was determined by the dye-binding method according to the manufacturer's instructions (Bio-Rad, Hercules, California). The concentration of MMP-2 in the media and supernatants was measured by the corresponding EIA system for MMP-2 as described previously (Fujimoto et al, 1993) . The EIA system measures proMMP-2 and its complex form with TIMP-2 but not active MMP-2 species. The values, nmol/g dry weight for culture media and nmol/g protein for tissue homogenates, were determined by using the molecular weight of proMMP-2 derived from the amino acid sequence (Mr 70,930) .
Gelatin Zymography
Gelatinolytic activity in the culture media and tissue homogenates was examined by gelatin zymography. The culture media (1 l/mg dry weight tissue) and the supernatants of homogenates (20 g of protein per lane) were subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) using 0.2% gelatin-containing gels as described previously Nomura et al, 1996) . The samples were incubated at 37°C for 30 minutes in SDS sample buffer without a reducing agent, and then electrophoresed on 9% polyacrylamide gels at 4°C. After electrophoresis, gels were washed in 2.5% Triton X-100 to remove the SDS; incubated for 22 hours at 37°C in 50 mM Tris-HCl, pH 7.5, containing 0.15 M NaCl, 10 mM CaCl 2 , and 0.02% NaN 3 ; and stained with 0.1% Coomassie brilliant blue R250. Ratios of proMMP-2 activation were estimated by computerassisted densitometric scanning of the 62-kd and 68-kd proteolytic bands, which correspond to the active and latent species of MMP-2, respectively.
Quantitative RT-PCR
Total RNA was isolated from RA (30 cases), OA (14 cases) and normal (8 cases) synovial specimens by ISOGEN (Nippon Gene, Toyama, Japan). The extracted RNA was treated with RNase-free DNase (Boehringer Mannheim, GmbH, Mannheim, Germany) to eliminate DNA contamination, and converted to single-stranded cDNA using a random oligonucleotide hexamer (Takara, Otsu, Japan). Randomly primed cDNAs were prepared from 5 g of total RNA by M-MLV reverse transcriptase (GibcoBRL) followed by PCR amplification. Non-radioisotopic quantitative RT-PCR was carried out according to previously published methods (Nakada et al, 1999) . Briefly, cDNAs obtained from synovial specimens were amplified using specific primers for human MT1-MMP (forward primer: 5Ј-TCGGCCCAAAGCAGCAGCTTC-3Ј, reverse primer: 5Ј-CTTCATGGTGTCTGCATCAGC-3Ј), MT2-MMP (forward primer: 5Ј-CAGCCCAGCCGC-CATATGTC-3Ј, reverse primer: 5Ј-CTTTCACTCG-TACCCCGAAC-3Ј), MT3-MMP (forward primer: 5Ј-ACAGTCTGCGGAACGGAGCAG-3Ј, reverse primer: 5Ј-GTCAATTGTGTTTCTGTCCAC-3Ј) and GAPDH (forward primer: 5Ј-CCACCCATGGCAAATTCCAT-GGCA-3Ј reverse primer: 5Ј-TCTAGACGGCAGGT-CAGGTCCACC-3Ј). PCR conditions for the MT-MMP amplification were 20 to 36 cycles at 2-cycle intervals, at 94°C for 1 minute, 50°C for 1 minute, and 72°C for 1 minute, followed by incubation at 72°C for 3 minutes. The conditions for GAPDH amplification were the same as those for MT-MMP, except for 1 minute for annealing at 60°C. The products were electrophoresed on 3% agarose gels including 0.1 g/ml of ethidium bromide. The intensity of ethidium-bromide fluorescence was measured using a charge-coupled device imaging system (FAS II; TOYOBO, Tokyo, Japan) and Digital Image File Fujix DF-20 (Fuji Photo Film, Tokyo, Japan). The reaction cycle-PCR product of each reaction mixture was plotted on semilogarithmic graphs for each sample. Control curves were obtained by serial dilutions of MT-MMP and GAPDH plasmid cDNAs (Sato et al, 1994; Takino et al, 1995) and PCR was performed similarly to synovial specimens as previously described (Nakada et al, 1999) . The sample concentration-PCR products of each reaction mixture were plotted on semilogarithmic graphs. To standardize gel staining conditions, a constant amount of control DNA marker (Promega, Madison, Wisconsin) was electrophoresed every time. The PCR procedure was performed at least three times for each sample.
When RT-PCR for MT-MMP and GAPDH was carried out using total RNA from synovial tissues by running 20 to 36 cycles at an interval of 2 cycles, the Yamanaka et al products emerged between 22 and 28 cycles, increased exponentially with cycles up to 32 to 34, and then reached a plateau (not shown). Thus, PCR amplification was set at 30 cycles, and calibration lines for cDNA concentrations of MT-MMP and GAPDH were obtained using serial dilutions of plasmid cDNAs for MT-MMP and GAPDH (not shown). Fluorescence intensity of each PCR product was proportional to the amounts of cDNAs used as templates, and calibration lines obtained for cDNAs of MT-MMP and GAPDH were used for further calculation of MT-MMP/GAPDH cDNA molar ratios, which represent MT-MMP/GAPDH mRNA ratios (Nakada et al, 1999) . We analyzed each sample at least three times by this method; the differences in the obtained values was less than 2%.
In Situ Hybridization
To verify the origin of cells expressing MT1-MMP and MT3-MMP mRNA, RA samples (8 cases) which showed MT1-MMP and MT3-MMP expression by RT-PCR were used for in situ hybridization according to the methods previously described (Nakada et al, 1999; Okada et al, 1995) . Briefly, the cDNA fragments encoding MT1-MMP nucleotides 2483 to 2884 (401 bp) and MT3-MMP nucleotides 649 to 849 (200 bp) were subcloned into Bluescript KS (Stratagene, La Jolla, California), and sense and antisense digoxigenin-labeled RNA probes were prepared with T3 or T7 RNA polymerase using DIG RNA Labeling Kit (Boehringer Mannheim). Paraffin sections of the tissues were hybridized with either antisense or sense RNA. After being washed under stringent conditions (2X SSC, 0.5X SSC, and 0.1X SSC, twice each for 30 minutes at 50°C), the sections were incubated with a mouse monoclonal antibody to digoxingenin (Boehringer Mannheim), and the antibody bound to the antigen was complexed with biotinylated horse anti-(mouse IgG) IgG (Vector Laboratories, Burlingame, CA). Color was developed by the avidin-biotin-peroxidase complex method (DAKO, Glostrup, Denmark).
Immunohistochemistry and Immunoblotting
Monoclonal antibodies to MT1-MMP (clone 114 -6G6), MMP-2 (clone 75-7F7) and TIMP-2 (clone 67-4H11) were previously characterized (Ueno et al, 1997; Fujimoto et al, 1993 Fujimoto et al, , 1995 , and provided by Dr. Kazushi Iwata from Fuji Chemical Industries, Ltd. (Takaoka, Japan). The paraffin sections were reacted with antibodies to MT1-MMP (30 g/ml), MMP-2 (2 g/ml), TIMP-2 (1 g/ml) or non-immune mouse IgG (30 g/ml), and the color was developed by the avidin-biotin-peroxidase complex methods as described previously (Ueno et al, 1997; Nakamura et al, 1999; Nakada et al, 1999) .
Supernatants of the homogenates (70 g/lane) from RA (seven cases) and normal (three cases) synovial tissues were resolved by SDS-PAGE (10% total acrylamide) under reducing conditions, and transferred onto nitrocellulose filters (Amersham International, Buckinghamshire, United Kingdom). The filters were reacted with 20 g/ml of monoclonal antibody to MT1-MMP (clone 114 -6G6) or 20 g/ml of nonimmune mouse IgG. Color was developed with the avidin-biotin-peroxidase complex method.
In Situ Zymography
Fresh specimens of RA and normal synovial tissues (10 and 3 cases, respectively) were embedded without fixation in Tissue-Tek OCT compound (Miles, Inc., Elkhart, Indiana). Serial frozen sections were made on a cryostat (MICROM, GmbH, Walldorf, Germany) and mounted onto either gelatin films that were coated with 7% gelatin solution (Fuji Photo Film Co. Ltd., Tokyo, Japan) or glass slides. The films with sections were incubated for up to 12 hours at 37°C in a humidified chamber, and stained with 1% Amido Black 10B (WAKO Junyaku, Osaka, Japan). Gelatin that was in contact with areas of the sections that harbored gelatinolytic activity was digested, thus identifying zones of enzymatic activity by negative staining. As a control, RA tissues were incubated in Dulbecco's modified Eagle's medium containing 0.2% lactalbumin hydrolysate with or without 50 M BB94 (British Biotech Pharmaceuticals, Oxford, England) for 3 hours at 37°C, and the frozen sections were treated in a similar way as described above.
Statistics
Statistical analyses were performed using the chisquare test and the two-tailed Mann-Whitney U test. P values less than 0.05 were considered significant.
